An investigation was made of the stability of melt-spun ribbons of Mm 55 Al 25 Ni 10 Cu 10 (Mm = Mischmetal) amorphous alloy. The structural transformations that occurred during heating were studied using a combination of X-ray diffraction (XRD) and differential scanning calorimetry (DSC). Crystallization took place through a multi-stage process. The first stage of transformation corresponded to the formation of a metastable phase followed by cfc-Al precipitation, while in the second stage, exothermic transformations led to the formation of complex and unidentified Mm(Cu, Ni) and MmAl(Cu, Ni) phases. The transformation curves recorded from isothermal treatments at 226 °C and 232 °C indicated that crystallization occurred through nucleation and growth, with diffusion-controlled growth occurring in the first crystallization stage. The supercooled liquid region, ∆T x , at 40 K/min was ~80 K. This value was obtained by the substitution of Mm (=Ce + La + Nd + Pr) for La or Ce, saving chemical element-related costs.
Introduction
Rare earth (RE) metals are the main alloying elements for glass formation in ternary and quaternary RE-Al-TM amorphous alloys. Many studies of RE-based alloys with high glass forming ability (GFA), such as La-Al-Ni 1 , La-Al-Cu 2,3 , La-Al-Ni-Cu 2, 3 , La-Al-Cu-Ni-Co 4 , Nd-Fe-Al 5 and Ce-Al-Ni-Cu 6 , have shown that they are promising structural materials. La-based 4 , Ce-Al-M (M = Cu, Co, Ni) and Mm-Al-Cu BMG 7, 8 , in particular, have been prepared in the form of bulk glass rods with diameters of 1 to 10 mm, using the high-pressure die casting method.
Bulk metallic glasses (BMGs) have attracted much attention due to their considerable scientific and technical importance [9] [10] [11] . These alloys have a large supercooled liquid region of up to 80 K before crystallization and a very low glass transition temperature (>0. 6) 12 . However, they may present disadvantages such as catastrophic fracture due to localized shear band propagation during mechanical tests and relatively low ductility, which limit their engineering applications 13, 14 .
In situ fabrication of RE-based BMGs such as the La-Al-Ni-Cu system has been reported recently 15, 16 , showing plasticity allied to moderate strength at room temperature. Mm-based BMGs have also been examined as an alternative to RE-based BMGs, due to the latter's high cost 17 . However, the GFA of Mm-based BMGs require further improvement, since it is still significantly lower than that of La-based BMGs 17 . It should be noted that mischmetal is an unpurified alloy whose composition normally contains Ce, La, Nd and Pr rare earth elements. Mischmetal therefore has an obvious cost advantage compared to single purified rare earth metals. Therefore, the development of Mm-based BMGs with high GFA is particularly important for technological applications. Some researchers have reported the successful fabrication of Mm-based BMG matrix composite by substituting Mm for La and Ce in La-Al-Ni-Cu and Ce-Al-Ni-Cu systems 8 . Many technological applications of BMGs require that such materials should be thermally stable with time and temperature during use. The thermal stability of BMGs materials is an important factor related to crystallization, activated process of transition from disordered amorphous structure to ordered crystal structure. In order to determine the thermal stability of BMGs, the crystallization kinetics it is examined by means of differential thermal analysis techniques. On the other hand, Kissinger's well-known method is usually employed to determine the crystallization activation energy, Ec 4, 8 . According to this method, Ec can be expressed as:
where β is the heating rate in Kelvin per second (K/s), T p corresponds to the peak temperature in DSC curves in nonisothermal conditions, R is the gas constant, and A is a constant. The main aim of the present investigation was to study the thermal stability and crystallization of amorphous Mm 55 Al 25 Ni 10 Cu 10 melt-spun ribbons.
Experimental Procedure
Ingots of Mm 55 Al 25 Ni 10 Cu 10 alloy were prepared by arc-melting from high-purity Al, Ni, Cu and Mm in a highly pure argon atmosphere and were then Ti-gettered. The nominal composition of Mm is 45.1 at.% Ce, 33.6 at.% La, 5.4 at.% Pr and 15.9 at.%Nd, plus a few impurities. The ingots were remelted several times to ensure their homogeneity. Amorphous ribbons were prepared using a single-roller melt-spinning technique under an argon atmosphere with a Cu wheel rotating at a speed of ∼40 m. −1 . The resulting ribbons were 2.5 mm wide, 30-40 µm thick and several meters long. The as-quenched ribbons presented 180º bending ductility. The amorphous structure of the ribbon samples was examined by XRD, using CuKα radiation (λ = 0.1542 nm) in a Rigaku diffractometer with θ -2θ geometry. Thermal analyses were performed in a differential scanning calorimeter (DSC 200 F3 Maia), in a pure argon atmosphere. Continuous heating studies were performed at a heating rate of 5-40 K/min. Isothermal treatments were carried out by heating the samples continuously at a rate of 60 K/min up to the treatment temperature.
Results and Discussion
The normalized DSC curves of as-quenched amorphous ribbon treated at different heating rates (5-40 K/min) are depicted in Figure 1 . Increasing the heating rate (β) caused all the exothermic peaks to shift to higher temperatures and broadened all the peaks. Table 1 summarizes the transformation temperatures obtained from the thermograms. The alloy shows glassy characteristics with a clear glass transition temperature, T g , preceding the onset crystallization temperature, T onset , thus exhibiting a supercooled liquid region ∆T X (∆T X =T X1 -T g ). The transition from the glassy to the supercooled liquid state, which is characterized by the endothermic reaction, takes place before crystallization, and its onset temperature increases from 183 °C to 275 °C with increasing heating rate. The supercooled liquid region of this alloy varies in the range of 65-80 °C, also as a function of increasing heating rate.
The inset in Figure 1 shows typical melting curves for two heating rates (20 and 40 K/min). The curves reveal a sharp initial melting event at the onset of the melting temperature, T m , followed by two very broad melting peaks. Increasing the heating rate caused the liquidus temperature, T l , to increase from 544 (20 K/min) to 555 °C (40 K/min), while the T m remained stable at around 410 °C. However, there is a significant difference of 145 °C between T m and T l , indicating that the alloy's composition is not eutectic.
The activation energy for crystallization of an amorphous structure subjected to a continuous heating condition was 18 . Figure 2 shows that the Kissinger plot Rln(β/T p,g ) vs.
(1/T p,g ) yields an approximately straight line. The activation energy can be determined from the slope of the line for both the crystallization stages and the glass transition. Here, T p,g is the glass transition temperature or peak crystallization temperature. The activation energies for both glass transition and crystallization events are evaluated from the slope of the Kissinger straight line and the heat released during continuous heating. Note that the activation energy for devitrification (Ea g ) is high, i.e., 331 kJ .mol -1 , suggesting a higher thermal stability of the amorphous structure, which would lead to more sluggish nucleation and subsequent crystal growth upon heating 19 . On the other hand, the activation energies of the first and second exothermic peaks are 182 and 189 kJ.mol -1 and correspond, as suggested by the XRD pattern, to polyphasic crystallization, which involves metastable and intermetallic phases. Figure 3 presents the XRD patterns of the as-quenched and partially crystallized ribbons, as well as the as-cast (Mm 55 Al 25 Ni 10 Cu 10 ) sample. To achieve partial crystallization, the ribbon was heated continually at 60 K/min up to 220 °C for different annealing times, as indicated in the inset of Figure 3 . For comparison, the XRD pattern of the melt-spun ribbon was plotted, and the Bragg peaks of Ce 3 Al and AlCeNi taken from JCPDS cards are clearly visible. The characteristic diffuse halo of an amorphous structure is visible in the XRD pattern of the melt-spun ribbon. This characteristic was maintained in the sample annealed for 16 minutes at 220 °C, before the beginning of the nucleation/growth process. However, with longer annealing times, e.g., 28 minutes (first peak), precipitation of metastable phases occurred and possible first traces of Mm 3 Al appeared, which remained up to 32 minutes (close to the second peak). In the annealing interval of 32 and 40 minutes, complete crystallization of the amorphous phase was observed, with the formation of Al 3 Ce, AlCeNi and unknown phases, all of which precipitated simultaneously, resulting in the disappearance of some of the peaks of metastable phases. On the other hand, the Bragg peaks of crystalline phases clearly visible in the XRD pattern of the cross-section of the as-cast sample are in good agreement with the phases precipitated from the amorphous structure. However, the position of the peaks shifted slightly, possibly due to the mixture of RE elements in Mm, which can induce the expansion or contraction of crystalline structures. The position of the Bragg peaks was very similar to those of AlCeNi and Ce 3 Al that have been reported previously in XRD patterns obtained from arc-melted Mm 55 Al 25 Ni 10 Cu 10 master alloy 17 . This is due to the fact that Mm, which is constituted of the elements Ce, La, Nd and Pr, exhibits crystallization properties very similar to those of Mm alloy; hence, no remarkable differences are detectable between the XRD patterns of samples annealed at equivalent stages of crystallization 20 . Figure 4 shows a typical backscatter SEM micrograph of the as-cast (Mm 55 Al 25 Ni 10 Cu 10 ) sample. The microstructure shows hexagonal phases with contrasting white and dark gray regions. An EDS/SEM analysis indicated that the composition of the dark gray phase is ~Mm 33,9 Al 30,2 (Ni,Cu) 8, 30 and that of the white phase is ~ Mm 67,1 Al 25,5 (Ni,Cu) 4, 7 . This analysis suggests that the characteristics of these phases are similar to those of AlRENi (AlCeNi) and RE 3 (in at.%). However, these phases were not identified in the JCPDS database and probably correspond to the unknown phase visible in the XRD patterns.
The inset in Figure 3 shows an exothermic peak attributed to the nucleation/growth process, indicating that an incubation period occurred before the beginning of the phase transformation became detectable. This transformation involves the overlapping of two crystallization stages and likely corresponds to the exothermic peaks visible in the DSC curves (Figure 1) , indicating that the nucleation/growth process is fast and complex due to the initial precipitation of metastable phases followed by the precipitation of unknown AlMmNi, Mm 3 Al phases. Conversely, the asymmetric isothermal thermograms shown in the inset of Figure 3 correspond to diffusion-controlled growth in alloys that do not present eutectic crystallization 21 . This is in good agreement with the SEM and DRX results. The isothermal analysis indicated that the energy released was lower (-24 J.g -1 ) than that released during continuous heating, confirming the activation of the nucleation/growth mechanism characteristic of intermetallic compounds. In this case, the larger amount of released heat may have been due to the activation energy for nucleation of the metastable intermetallic compounds, to which the contribution of activation energy for nucleation is much smaller than the activation energy for growth 22 . I n s h o r t , t h e c r y s t a l l i z a t i o n p r o c e s s o f Mm 55 Al 25 Ni 10 Cu 10 amorphous alloy under both continuous and isothermal heating conditions can be expressed as follows: amorphous → metastable phase + Mm 3 Al →Mm 3 Al + MmAl(NiCu) + unknown phase. This suggests that the (CeLaNdPr) 3 Al phase initiates the crystallization process in the alloy after precipitation of the metastable phase, probably due to the dissimilar diffusion coefficients of the components and also because of the strong interaction between dissimilar Mm-Al, Mm-Ni and Mm-Cu atoms 23 . However, the main peak corresponds to the Mm-Mm correlation, giving rise to the metastable phase, which is a supersaturated one that later gives rise to Mm 3 Al and AlMm(Ni,Cu) primary phases. On the other hand, the activation energies for the crystallization of different phases in Mm 55 Al 25 Ni 10 Cu 10 amorphous alloy have been determined as occurring at 182 and 187 kJ.mol -1 , which are very close to the activation energies for self-diffusion of Ce, La and Pr in Mm-based amorphous alloy 24 . It should be noted that Ce 3 Al, La 3 Al, Nd 3 Al and Pr 3 Al phases are difficult to distinguish clearly from one other because they have the same crystalline structure with similar lattice constants and nearly the same atomic radius 25 ; hence, these phases are considered to be Mm 3 Al. Conversely, the high activation energy (331 kJ. mol 27 . An interesting point to keep in mind is that low activation energies are generally associated with local atomic rearrangements and high activation energies with the cooperative movement of atomic groups, which result in viscous flow 26 . Table 2 describes the thermal properties of amorphous alloys with compositions close to the Mm 55 Al 25 Ni 10 Cu 10 alloy studied here, which has been investigated by other researchers at heating rates of 20 and 40 K/s. The following thermal parameters were evaluated:
. Although these parameters show reasonable correlations with the GFA of numerous metallic glass alloys, they still do not reflect the real GFA of alloys in many cases 3, 28 . Many GFA indicators related to characteristic temperatures (i.e., T g , T x and T l ) are derived based on both crystallization resistance and liquid stability. In other words, the GFA of glass-forming liquids cannot be attributed solely to the stability of the liquid phase 29 . However, for purposes of discussion, parameters such as T x /Tg and T rg are quantitative measurements that serve to indicate crystallization resistance and liquid stability, respectively. 
Conclusions
This study focused on the crystallization, thermal stability and glass forming ability of Mm 55 A1 25 Ni l0 Cu 10 amorphous alloy. Crystallization was found to occur through a multi-stage process: amorphous → metastable + Mm 3 Al →Mm 3 Al + MmAl(NiCu) + unknown phase. The asymmetric form of the isothermal annealing curves of the as-quenched samples indicated controlled interfacial growth during amorphous to crystalline transformation. The Mm 55 A1 25 Ni l0 Cu 10 alloy presented higher GFA when than amorphous RE-Al-(Cu,Ni) alloys. It was also found that the thermal parameter T rg (=T g /T l ) is not suitable for evaluating the GFA of these alloys. The γ, K and Tg/T X parameters suggest that the complete substitution of RE (Ce,La,Nd,Pr) metal with Mm does not affect the stability, GFA, or formation of the amorphous phase during rapid solidification.
For example, T rg or reduced glass transition temperature indicates that the viscosity must be higher at temperatures between the liquidus and glass transition, while ∆T X is a parameter frequently cited to characterize the stability and deformability of metallic glasses 10 . The high value of γ suggests that the alloy is in the state of liquid stability, while the onset crystallization temperature, T x , could be used to roughly compare crystallization resistance during the glass formation of metallic liquids. This means that when the T g /T x ratio decreases, crystallization resistance increases, thereby increasing the GFA. However, it is advisable to use the same heating rate due to the strong dependence of these characteristic parameters on this rate.
The results indicated that the initial melting point, T m , the final melting point (liquidus temperature), T l , and the glass transition temperature determined at a heating rate of 40 K/s were 683, 828 and 468. 5 Cu 20 alloys. This suggests that the best atomic interactions that favor GFA are obtained in RE-Al-TM alloys with additions of less than 10 at.% Cu. On the other hand, Table 2 . Thermal parameters for the crystallization of RE-Al-(Cu,Ni) alloys during continuous heating. [32] 0.590 0.885 0.388 0.166 [25] La 55 Al 25 Ni 15 Cu 5 473.6 --899.6 659.7 [32] ---- [32] La 55 Al 25 [2, 32] 
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